The ability of quantum-mechanical methods (HF/6-31G and MP2) to estimate additivity increments E
Introduction
The conformational analysis plays an extremely important role in biological processes. For example, the character of interactions and structure of the products in a plenty of biochemical reactions essentially depends on the conformations of the interacting compounds. However, the determination of the relative arrangement of conformational energies for large compounds is a complicated problem. The simplest examples of mentioned molecules often used as models for conformational investigations are haloalkanes. It is known that the conformational stability of conformers depends on the localization and electronegativity of the substitutes. However, the experimental values of conformational energies are known only for the first members of homologous series of haloalkanes and reveal a considerably large scatter.
In our previous paper [1] the perturbation theory for one-electron density matrix was applied to study the additivity of conformational energies of saturated molecules. It has been shown that the conformational energy of saturated compounds can be presented as a sum of transferable increments corresponding to the energies of separate conformational segments and their sequences:
where E is the total energy of a molecule in the given conformation, E T is the total energy of the molecule in the lowest energy conformation, E XY G , E XY GT , E XY GG , E XY GG ′ (X, Y = CH 3 , Cl, F, Br, etc.) are the energies of the corresponding additivity increments, n denotes the number of the corresponding segments in the given conformation. The mentioned result provides the theoretical background for the so-called additivity systematic and allows one to use Eq. (1) for predicting the relative conformational energies for saturated compounds. However, evaluation of the additivity increments using experimental data becomes a problem because of the considerably large scatter of the latter. In [2] we studied the possibility to evaluate the additivity increments for saturated hydrocarbons (X = Y = CH 3 ) using quantum-mechanical methods. It was shown that ab initio methods qualitatively reflect the main features of additivity increments: the independence of location and the length of the molecule, the stabilizing role of the GG segment etc. However, it was shown that only methods with dispersion forces "switched on" satisfying the criterion E G + 2E GG > 0 can be used for evaluation of the additivity increments. The purpose of the present paper is to study the ability of various quantummechanical methods and basis sets available to estimate the increments corresponding to the energies of separate conformational segments and their sequences for saturated chloroalkanes. Especially, as it was noted in [3] , the bond and the group additivity schemes often used for the prediction of heats of formation may be in error as halogens are introduced into the molecule.
Computational methods
Computations were performed both at the HartreeFock level and with account of electron correlation using the second-order Møller-Plesset perturbation theory (MP2). The computational chemistry packages PC GAMESS version [4] and GAMESS (US) [5] were used. The standard geometry optimization was performed for all investigated structures at the HartreeFock as well as at MP2 level. To determine the basis set and the level of computations necessary to achieve correct qualitative and possibly quantitative results for conformational energies of chloroalkanes, the main atomic basis set 6-311G as well as extended basis sets using different polarization functions both on heavy atoms (1d, 2d, 3d, 2d1f , 3d1f ) and on hydrogens (1p, 2p, 3p) were used.
Results and discussion

Determination of calculation resources and evaluation of additivity increments
One can find three types of gauche increments in chloroalkanes E XY G corresponding to X = Y = CH 3 , X = CH 3 , Y = Cl, and X = Y = Cl. The first type has been estimated quantum-mechanically in [2] . In order to estimate the energies of the additivity increments E XY G (X = CH 3 , Y = Cl, and X = Y = Cl) it is necessary to calculate the total energy difference for gauche and trans conformers of 1-chloropropane and 1,2-dichloroethane, respectively.
The experimentaly determined values of energy difference E G − E T for 1-chloropropane in the vapour phase (+0.02 to −0.47 kcal/mol [6, 7] ) show the existence of considerable uncertainity as to which conformer is more stable. Moreover, the obtained results vary in the large range of experimental errors. The most recent conformational studies in the vapour state by infrared spectroscopy gives the trans/gauche energy difference to be 0.09 ± 0.02 kcal/mol [8] , confirming the gauche conformer ( Fig. 1 ) being more stable. The corresponding enthalpy difference of 0.15±0.01 kcal/mol in liquid krypton has been reported in [9] . As the two conformers have similar dipole moments and molecular volumes, the latter result should be close to the value in the vapour state.
The calculations with full geometry optimization performed using HF/6-31G(d), MP2/6-31G(d), LMP2 methods, and GVB-LMP2 calculations with extended basis set (cc-pVTZ(f )) and geometry optimization performed using MP2/6-31G(d) gradient optimization [9, 10] gave incorrect result, i. e. the trans form of 1-chloropropane being more stable than gauche. However, the calculations using larger basis sets with full geometry optimization by MP2/6-311+G(d, p) and MP2/6-311+G(2d, 2p) methods gave the results for conformer stabilities close to the experimental findings [9] .
Thus, the brief overview of earlier theoretically obtained results shows that the conformational studies for small chloroalkanes require sufficiently accurate calculations. Therefore, the determination of the method and basis sets allowing reliable evaluation of the energy increment E XY G (X = Cl, Y = CH 3 ) with possibly lower cost of computations was the first task of our calculations. For this purpose we compared results obtained by HF and MP2 methods with full geometry optimization using various basis sets.
The calculations performed using HF/6-31G(d) give the value E G − E T = 0.36 kcal/mol. MP2/6-31G(d) calculations with HF/6-31G(d) geometry improve the result to 0.15 kcal/mol, and MP2/6-31G(d) calculations with geometry optimization diminuate the value to 0.11 kcal/mol. However, in all mentioned cases the result has an incorrect sign. This points out that the basis set might be insufficiently large. The re- Table 1 . RCE (EG − ET ) and structural parameters (bond lengths R, valence angles ϕ, dihedral angles ϑ, and dipole moments µ) for trans and gauche conformations of 1-chloropropane. sults obtained for 1-chloropropane using extended basis sets with several polarization functions of d-and f -type on heavy atoms and p-type on hydrogens and core orbitals frozen are presented in Table 1 . The relative conformational energy (RCE) value, which coincides in that case with the additivity increment E XY G (X = Cl, Y = CH 3 ), obtained in HF calculations has an incorrect sign and almost does not depend on the number of polarization functions included. Thus, it can be concluded that influence of electron correlation for conformational energy is very important. The comparison of structural parameters obtained using MP2 when polarization functions are taken into account are in sufficiently good agreement with experiment [7] , whereas the results obtained by HF/6-311G(3d1f 3p) and MP2/6-311G without polarization functions give too high dipole moment (µ) values. Consequently it might be expected that only the MP2 method with polarization functions for all basis sets used is in the scope of largely scattered experimental estimates [6] . Therefore, for further calculations we confine ourselves by two basis sets: (i) the largest one, 6-311G(3d1f 3p), which gives the dipole moment value close to experimental and demonstrates saturating behaviour of RCE when 3p basis functions on hydrogen atoms are added to the 3d1f basis set and (ii) the least one, 2d2p, in which the RCE value coincides with the most recent experimental result [9] and which is sufficiently compact for calculations of large molecules. 1,2-dichloroethane is the molecule for which the largest number of experimental gas phase studies are available. The results obtained by several techniques (electron diffraction, infrared and photoelectron spectroscopy) show the trans conformer having a lower energy. The average value of the gauche/trans
Method and
The most recent value of 1.17 ± 0.04 kcal/mol, redetermined in [8] using infrared spectra, agrees with the above value within the error limits.
The theoretical estimates of gauche/trans energy difference by HF/6-31G * and DFT methods give too large values (1.91 kcal/mol [12] and 1.51 kcal/mol [10] ). The second-order Møller-Plesset perturbation theory (MP2) improves the values of a lot of molecular properties as compared to the HF theory, e. g., equilibrium geometries, dipole moments, and conformational energy differences, if sufficiently large basis sets are ap- Table 2 . RCE (EG − ET ) and structural parameters (bond lengths R, valence angles ϕ, dihedral angles ϑ, and dipole moments µ) for trans and gauche conformations of 1,2-dichloroethane. plied. The local MP2 method [13] combined with the generalized valence bond approach (GVB-LMP2) with cc-pVTZ(−f ) basis set reported in [10] gives 1.40 kcal/mol. In order to improve the results, Wiberg et al. [11] carried out geometry optimization using the MP2 method with several basis sets where diffuse functions were included: MP2/6-31+G * * , MP2/6-311+G * * , MP2/6-31++G * * . However, the conformational energy difference remained too large. Only the inclusion of higher angular momentum f -functions allowed us to reach the energy difference value in agreement with experimental data (1.1 ± 0.1 kcal/mol). Therefore, in order to estimate the conformational energy increment E XY G (X = Y = Cl) we performed calculations using the MP2 method with different basis sets. The obtained results for 1,2-dichloroethane are presented in Table 2 . The difference of conformation energy E G − E T converges to the experimental value [11] when the basis set 6-311G(3d1f 3p) is used. The calculations with other basis sets show worse coincidence with experimental findings for the dipole moment µ of the gauche conformer, geometrical parameters, and RCE.
Method and R(X−C) R(C−C) R(H−C) ϕ(XCC) ϑ(XCCX
The calculations of GG, GG ′ , GT , and T T forms of 1,3-dichloropropane (Fig. 2) give the possibility to estimate the energy increments E XX GG , E XX GT , and E XX GG ′ (X = Cl). As it follows from Eq. (1) for this case,
RCE values E GT − E T T and E GG − E GT obtained at the HF/6-31G(d) level considerably differ from the experimental data [16] . Therefore, for further investigations we apply the MP2 method with two above selected basis sets: 6-311G(2d2p) and 6-311G(3d1f 3p). The obtained results for RCE presented in Table 3 demonstrate good agreement with experimental data. Therefore, one can conclude that the basis set 2d2p is also sufficiently good for large chloroalkanes. It should be noted that both increments E XX GG and E XX GT (Table 3 ) are negative, and consequently, lower the value of the conformational energy. These increments are less sensitive to the basis set size than the additivity increments E XX G and E XY G . Vice versa, the additivity increment E XX GG ′ is extremely destabilizing. It is also evident that the existence of E XX GG , E XX GG ′ , and E XX GT increments is a consequence of cooperative effects in a Table 3 . RCE and additivity increments (kcal/mol) obtained from ab initio calculations.
Chloroalkanes
RCE and additivity increments HF/6-31G(d) MP2/6-311G(2d2p) MP2/6-311G(3d1f 3p)
Exp. data [19] complex molecular system resulting from nonbonded interactions of end groups. As shown previously in [11] the zero point energy does not differ for conformations used in evaluation of the additivity increments. Consequently, one can conclude that vibrations do not influence the obtained results.
Verification of the additivity rule
The molecules of 1,2-dichloropropane and 1,2,3-trichloropropane were used in order to check the transferability of additivity increments. The relative energies of different conformers of an individual molecule calculated using the additivity rule (1) and direct MP2 calculations as well as experimental data are presented in Table 4 . The comparison shows that the arrangement of conformational energies of 1,2-dichloropropanes (Fig. 3 ) obtained using MP2 on the contrary to HF is in good agreement with experimental data. However, the values of RCE for two basis sets chosen exceed the experimental estimates. The comparison of RCE values obtained from MP2 calculations and Eq. (1) using earlier estimated increments E XX G and E XY G (Ta- (Fig. 4) . The experimental data from gas-phase electron diffraction indicates the GG form as the lowest. The results presented in Table 4 show that all methods used give the correct arrangement of conformational energies. However, the RCE values calculated by the HF method are smaller (particularly for the T G conformer) both than experimental [19] and molecular mechanics [18] estimates. The RCE calculated using the additivity formula with respect to conformation GG are increased almost in the same extent for all forms if compared with MP2 results. Therefore, it can be expected that correlation effects taken into account in MP2 calculations better de- scribe intramolecular interactions in the molecule than the additivity scheme, and as a result, we have the rise of the energy of the GG conformer. The stabilizing character of the E XX GG increment, estimated from 1,3-dichloropropane, may be exaggerated. The values of increments E XX G and E XY G estimated from MP2 calculations of 1,2-and 1,2,3-chloropropanes are more positive than the values presented in Table 3 . However, E XX GG and E XX GT are constant and do not depend on the number and location of the substituents. In spite of the obtained differences in the value of additivity increments calculated using different basis sets, it follows from the results obtained for 1,2-dichloropropane and 1,2,3-trichloropropane that they can be used for prediction of the RCE when conditions E XX G > 0, E XY G < 0, E XX GT < −E XY G , and E XX GG < −2E XY G (X = Cl, Y = CH 3 ) are satisfied. The above-presented criteria for additivity increments do not depend on the size of the basis set. The analysis of additivity increments E XY G (Table 1) based on the criteria suggested above also confirm the presumption that the inclusion of the polarization functions is very important for conformational energy calculations.
Conclusions
The study shows that the calculated values of additivity increments E XY G , E XX G , E XX GT , E XX GG , and E XX GG ′ (X = Cl, Y = CH 3 ) are sensitive to the method and basis sets used. Only the results obtained using the MP2 method with geometry optimization and basis sets including polarization functions are in the scope with experimental estimates. In spite of some differences obtained for values of the additivity increments the arrangement of different conformational configurations of a molecule on the energy scale is correctly reflected when increments satisfy the following criteria: E XX G > 0, E XY G < 0, E XX GT < −E XY G , and E XX GG < −2E XY G (X = Cl, Y = CH 3 ). This can be considered as an argument that quantum-mechanical methods can be used for evaluation of the increments of quantum-mechanically based additivity schemes for prediction of the relative conformational energies of saturated chloroalkanes.
